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could	 provide	 insights	 into	 the	 genetic	 basis	 of	 species'	 responses	 to	 climate	
change.
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1  | INTRODUC TION




the	 genetic	 and	 phenotypic	 structure	within	 a	 population	 is	 criti-
cal	not	only	for	fundamental	understanding	of	evolution	by	natural	
selection,	 but	 also	 for	 conservation	 and	management	 applications	
where	forecasting	or	mitigating	the	effects	of	environmental	change	
are	desired.
For	 some	 species,	 a	 key	 component	 of	 genotypic	 variation	 is	
ploidy	 level	 variation	 (variation	 in	 cytotype	 or	 chromosome	 copy	
number)	 among	 individuals.	 Polyploidy	 leads	 to	 large	 effects	 on	
organismal	phenotype,	 either	directly	 through	 changes	 in	 genome	
size,	for	example	by	influencing	stomatal	cell	size	and	thus	water‐use	







Holderegger,	 &	 Brochmann,	 2010),	 suggesting	 that	 knowledge	 of	
ploidy	 levels	 is	 important	 for	 understanding	 species	 response	 to	
environmental	 change.	While	 several	 hypotheses	 for	 the	 ultimate	
drivers	of	polyploidy	 in	plants	have	been	advanced	 (e.g.	 related	to	










to	 a	 wide	 range	 of	 organisms	 (Anderegg,	 Anderegg,	 Sherman,	
&	 Karp,	 2012;	Mitton	 &	 Grant,	 1996).	 Individual	 stems	 (ramets)	
grow	in	genetically	 identical	clones	 (genets),	often	>1	ha	 in	area.	
Genets	have	either	two	(diploid)	or	three	(triploid)	copies	of	each	
chromosome	 (Kemperman	 &	 Barnes,	 1976;	 Mock	 et	 al.,	 2012).	
Phenotypic	variation	within	and	across	genets	 is	very	high,	both	
due	to	plastic	expression	of	traits	and	genotypic	variation	(Barnes,	
1969,	 1975).	 Triploids	 often	 have	 different	 phenology,	 stem	 size	
and	 bark	 texture,	 and	 compared	 to	 diploids	 have	 been	 found	 to	
have	larger	leaves,	faster	growth	rates,	higher	carbon	uptake	rate,	


























2011).	Mortality	occurs	patchily	 at	 small	 spatial	 scales,	 suggesting	
selection	on	certain	genotypes	with	potentially	large	consequences	
















to	 rapidly	 and	 inexpensively	 measure	 variation	 in	 ploidy	 level	 in	
quaking	aspen.	While	our	application	is	focused	on	this	widespread	
species,	the	fundamental	concepts	may	be	applicable	to	some	other	











drives	 absorptance	 in	 multiple	 portions	 of	 the	 visible	 spectrum,	
















leaf	and	bark	 tissue	predict	ploidy	 level.	We	address	 this	question	
using	both	ground‐based	measurements	where	spectra	are	obtained	
from	 plant	 tissues,	 as	 well	 as	 airborne	 unoccupied	 aerial	 system	
(UAS)	measurements.
2  | MATERIAL S AND METHODS
2.1 | Site selection
During	 the	 summers	 of	 2016	 and	 2017,	 we	 established	 a	 net-
work	of	aspen	forest	sites	spanning	a	wide	range	of	elevation	and	
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environmental	 conditions.	 Sites	 were	 located	 in	 southwestern	
Colorado,	 over	 a	 37	 km	maximum	 distance,	 near	 to	 the	 towns	 of	
Almont,	Crested	Butte	and	Gothic,	CO	(Figure	1).	All	sites	were	lo-
cated	within	the	Gunnison	National	Forest	and	were	mapped	using	
a	 handheld	 GPS	 unit	 (Trimble,	 GeoXT)	 and/or	 a	 laser	 rangefinder	
(LaserTech,	 TruPulse	 360R).	 Sites	 were	 chosen	 to	 span	 a	 locally	
representative	 range	of	environmental	conditions	 for	aspen	 in	 the	
region,	 and	 spanned	an	elevation	 range	of	2,730–3,630	m.	Forest	
types	ranged	from	mature	stands	(>20	m	height)	with	dense	under-







and	 leaf	 in	 the	 study,	 so	 unique	 ploidy	 level	 measurements	 were	






classifier	 predictive	 ability	 rather	 than	 statistical	 significance,	 and	













Ploidy	 level	was	determined	 for	210	 samples	 (at	 the	Ben‐1ha,	
Jolanta‐1,	Jolanta‐2,	Jolanta‐3,	and	Jolanta‐4	sites)	via	microsatellite	







multiplexes	 of	 six	 microsatellite	 markers	 in	 10	 µl	 reactions	 con-
taining	2.4	µl	of	one	of	the	multiplexed	primer	combinations	(0.1–




at	 92°C,	 45	 s	 at	 59°C	 (dropping	 by	 1°C	 each	 cycle	 to	 50°C)	 and	
TA B L E  1  Total	number	of	unique	genetic	samples	per	site

















Bark Ben‐1ha 19 5 75 76
Bark Jolanta‐1 19 1 3 19
Bark Jolanta‐2 50 1 5 50
Bark Jolanta‐3 19 1 2 19
Leaf Ben‐1ha 36 36 37 110
Leaf Burke 10 10 10 29
Leaf Jolanta‐1 50 5 50 400
Leaf Jolanta‐2 45 5 45 355
Leaf Jolanta‐3 49 5 49 391
Leaf Jolanta‐4 22 3 22 179
Canopy Ben‐1ha 36 36 36 3,316
Canopy Jolanta‐1 50 5 5 6,170
Canopy Jolanta‐2 51 5 5 8,463
Canopy Jolanta‐3 29 3 3 5,451
TA B L E  2  Sampling	coverage	per	site	
and	method
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60	s	at	72°C.	This	was	followed	by	21	cycles	of	45	s	at	92°C,	45	s	
at	50°C	and	60	s	at	72°C,	with	a	final	extension	step	of	5	min	at	
72°C.	After	PCR,	1	μl	of	 the	 reaction	was	added	 to	a	 solution	of	
9.35 μl	formamide	and	0.15	μl	of	the	Applied	Biosystems’	GeneScan	
500	 LIZ	 size	 standard.	 Fragments	 were	 subsequently	 sized	 on	 a	
3,130×L	 Genetic	 Analyzer	 (Applied	 Biosystems)	 and	 scored	with	
GeneMapper	Software	v4.0	(Applied	Biosystems).	Markers	ORPM	
206	and	PMGC	2,571	failed	to	amplify	reliably,	while	marker	ORPM	









zygosity	 levels)	within	and	across	clones	 in	 this	 species	 (Mock	et	
al.,	2012,	2008),	which	were	also	present	in	our	dataset	(Table	S2).	
There	was	 also	no	evidence	 for	 linkage	disequilibrium	 (rd	 =	 .008,	
p	=	.50	(999	permutations,	via	the	poppr	r	package),	thus	indicat-
ing	 that	 sufficient	 sexual	 reproduction	 does	 occur	 among	 clones	
(Agapow	&	Burt,	2001).	For	these	reasons	we	have	confidence	in	
ploidy	level	inferred	from	microsatellite	data.






traction,	 150	μl	 of	 extraction	 buffer	 (with	 2%	by	 volume	polyvin-
ylpyrrolidone)	was	 added	 to	 the	 chopped	 leaf	material.	 Then,	 the	
suspension	was	filtered	using	disposable	tube	top	filters	 (CellTrics,	
Sysmex	 Partec)	 and	 750	 μl	 of	 stain	 (CyStain,	 Sysmex	 Partec)	 was	
added.	Filtrates	were	analysed	using	a	 flow	cytometer	 (Accuri	C6,	







Before	 drying,	 fresh	 leaves	 from	 the	 above	 collection	 procedure	
were	measured	on	their	adaxial	side,	avoiding	the	main	vein.	Samples	
were	 maintained	 in	 moist	 plastic	 bags	 in	 a	 cooler	 or	 refrigerator	








on	stems	 in	 the	field,	 logistical	 issues	precluded	use	of	our	 instru-
ment	 outside	 of	 a	 laboratory.	 Thus,	 samples	 of	 c. 5 cm2 area and 







instrument	 as	 described	 above,	 with	 three	 spectral	 replicates	 per	
sample.
2.5 | Airborne canopy spectra
In	 July	 2017,	 we	 obtained	 multispectral	 images	 covering	 a	 total	
of	 four	 sites	each	of	c.	 500	m	 length.	Sites	were	overflown	by	an	








RedEdge)	 on	 gimbal	 mount.	 The	 camera	 obtained	 co‐regis-
tered	coverage	of	 five	spectral	bands:	blue	 (475	±	20	nm),	green	















2.6 | Spatial analysis of genetic data
We	determined	whether	quaking	aspen's	realized	niche	along	topo-
graphical	 axes	 varied	with	 ploidy	 level.	We	 extracted	 information	
for	the	slope	(degrees),	cosine	aspect	(dimensionless)	and	elevation	
(m)	at	the	location	of	each	genetic	sample,	using	the	USGS	National	
Elevation	Dataset.	We	built	 linear	mixed	models	 using	 each	 topo-
graphical	 variable	 as	 a	 response	 variable,	 ploidy	 level	 as	 a	 fixed	
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effect	 predictor	 variable	 and	 site	 as	 a	 random	 intercept	 predictor	
variable.	We	assessed	statistical	significance	of	ploidy	level	using	the	
Satterthwaite	approximation.
We	also	determined	 the	 characteristic	 spatial	 scale	of	ploidy	
level	variation,	defined	as	the	median	distance	between	points	in	

























a	 set	 of	 pixel	 values	within	 a	 4	m	 radius	 of	 the	 focal	 trees	 in	 the	
masked	 image.	Reflectance	 values	 at	 these	 pixels	were	 treated	 as	
replicates	for	each	plot.
We	also	 spatially	 interpolated	ploidy	 level	 data	 to	be	able	 to	
assign	 values	 to	 samples	 collected	 adjacent	 to	 the	 ploidy	 level	
measurements.	 Ploidy	 measurements	 were	 assigned	 to	 multiple	
plots	via	interpolation	over	small	distances.	Interpolation	was	car-
ried	out	using	a	k‐nearest‐neighbour	interpolation	with	k	=	1	(i.e.	
where	 an	 unknown	 sample	 is	 assigned	 the	 same	 ploidy	 level	 as	
the	nearest	sample	with	known	ploidy	level).	Additionally,	one	or	
more	 spectral	 samples	were	 obtained	 from	 each	 plot,	 either	 via	
ground‐based	methods	 (e.g.	measurements	of	multiple	 leaves	on	
a	single	stem)	or	via	airborne	methods	when,	for	example,	multi-
ple	 adjacent	pixels	were	 located	around	a	 single	 location.	 In	 the	
case	 of	 spatial	 interpolation	 of	 ploidy,	 or	 treatment	 of	 adjacent	







































classifications	will	 be	 correct	 by	 chance).	 Values	 of	 kappa	 above	
zero	 (and	 closer	 to	 1)	 indicate	 better	 performance	 than	 random.	
Third,	we	 report	 the	 classification	 error	 rate	 for	 each	of	 diploids	
and	triploids	as	the	predictive	accuracy	 in	out‐of‐bag	predictions,	
that	is	on	randomly	selected	data	not	used	in	fitting	of	each	tree.	
This	 type	of	model	 evaluation	 is	 similar	 to	 a	 cross‐validation	 and	
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We	 also	 used	 the	 original	 ensemble	 models	 to	 make	 spatially	










All	 statistical,	 image,	 and	 GIS	 analyses	 were	 conducted	 in	 r 
(3.5.1).	 Image	 data	 were	 processed	 using	 the	 raster	 (2.6‐7)	 and	 sp 
(1.3‐1)	packages.	Spectra	were	processed	using	the	rstoolbox	(0.2.1)	
and signal	 (0.7‐6)	packages.	 Interpolation	of	ploidy	was	carried	out	
using	 the	 fnn	 (1.1)	 package.	 Ordination	was	 carried	 out	 using	 the	
vegan	 (2.5‐3)	 package.	 Random	 forest	 models	 were	 implemented	
using	 Breiman's	 algorithm	 in	 the	 randomforest	 (4.6‐14)	 package,	
choosing	default	parameters.	Mixed	models	were	built	with	the	lme4 











Diploids	 also	 occurred	 at	 more	 south‐facing	 aspects	 (p	 <	 .001),	
though	 the	bimodal	distribution	of	values	makes	 the	statistical	 in-
ference	uncertain.







S1–S4.	 For	 bark	 spectra,	 overlap	 between	 ploidy	 levels	 was	 high	
(Figure	 5a),	 with	 diploids	 appearing	 to	 occupy	 a	 subset	 of	 the	 trip-
loid	 spectral	 space	 (Figure	 5b).	 For	 leaf	 spectra,	 overlap	 was	 lower	
(Figure	5c),	with	diploids	having	shifted	and	somewhat	unique	spectra	
F I G U R E  2  Distribution	of	ploidy	levels	across	topographical	gradients	of	(a)	slope,	(b)	cosine	aspect	(−1	=	south‐facing,	1	=	north‐facing)	
and	(c)	elevation	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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similar	 at	 0.79	 ±	 0.01,	 and	 Cohen's	 kappa	 was	 also	 similar	 at	
0.58	±	0.02.	Predictive	error	rates	were	lower:	0.24	±	0.01	for	dip-
loids	and	0.19	±	0.02	for	triploids.	The	models	using	the	canopy	
dataset	had	 the	 strongest	performance:	F1	 score	of	0.96	±	0.01	
and	 Cohen's	 kappa	 score	 of	 0.93	 ±	 0.01.	 Predictive	 error	 rates	






















ing	of	 shadow	or	 ground	pixels.	Because	 these	predictions	 are	by	
construction	meant	to	extrapolate	beyond	ground‐truth	data,	they	















tality	 is	higher	 for	 triploids	 than	diploids	 (Dixon	&	DeWald,	2015),	
our	results	suggest	that	ploidy	level	could	provide	a	key	mechanistic	






















remote	 sensing	 analyses	 of	 mortality	 (Huang	 &	 Anderegg,	 2012)	
could	be	complemented	by	large‐scale	maps	of	pre‐mortality	ploidy	
levels.	 In	both	 cases,	 ploidy	 level	might	 explain	mortality	patterns	
that	were	 previously	 unexplained	or	 have	 interactive	 effects	with	
other	variables,	for	example	slope	or	elevation.
We	 found	 that	 both	 leaf	 and	 canopy	 spectra	 can	 be	 used	 to	
make	accurate	inferences	of	ploidy	level	(Figures	4‒6).	The	spectral	
variation	we	 observed	 suggests	 concomitant	 variation	 in	 pigment	
concentration	(e.g.	chlorophyll	content	in	the	visible	portion	of	the	
spectrum),	as	well	as	variation	 in	water/dry	matter	content	 (in	 the	
near‐infrared	portion	of	 the	 spectrum).	A	prior	 study	of	 trait	 vari-





between	 the	 hyperspectral	 and	 PCA‐reduced	 hyperspectral	 leaf	
data	 indicated	that	overfitting	of	features	was	unlikely	to	compro-
mise	predictive	ability,	and	that	a	small	number	of	spectral	features	





previously	 for	 species	discrimination	work,	or	 that	 are	analogs	 for	
the	ground‐based	spectral	data.	Further	 improvements	 in	machine	
learning	methodology	are	 likely	 to	produce	more	robust	and	man-
agement‐ready	 tools.	 For	 example,	 convolutional	 neural	 networks	




There	were	some	general	 limitations	 to	using	spectral	 reflec-
tance	that	will	be	relevant	to	future	applications.	First,	classifying	
diploids	was	more	difficult	than	triploids.	Diploids	appeared	visu-
ally	 to	 occupy	 a	 smaller	 and	 shifted	 portion	 of	 the	multidimen-
sional	 spectral	 ‘space’	 occupied	 by	 triploids.	 There	 are	 several	

























lengths	 quantified	 by	 the	 ground‐based	 data,	 and	 also	 potentially	





































cluded	 more	 undesired	 and	 unavoidable	 variation,	 or	 could	 have	
conflated	ploidy	 level‐dependent	water	 stress	with	ploidy	 level	 it-
self.	Another	explanation,	which	we	view	as	also	 likely,	 is	 that	 the	
low	number	of	diploids	available	in	the	canopy	data	resulted	in	some	
model	overfitting.	 In	 the	absence	of	 further	genetic	data,	 it	 is	not	
possible	 to	 test	 this	 hypothesis.	As	 such	we	 suggest	 that	 our	 sta-
tistical	models	need	 further	 test	data	before	 they	can	be	 robustly	
applied	at	landscape	scales.














to	 other	 remotely	 sensed	 data	 products,	 for	 example	 microwave	





Obtaining	 spectral	 data	 for	 longer	 wavelengths	 could	 further	
improve	 classification	 error	 rates	 and	 potentially	 better	 discrimi-
nate	diploids.	Our	measurement	approaches	only	extended	into	the	




for	accurately	discriminating	species	and	 traits	 in	other	 study	sys-
tems,	as	well	 as	 for	assessing	 leaf	and	canopy	water	content	vari-
ation	based	on	 liquid	water	absorption	features	around	1,200	and	




spectral	 imagery.	Collecting	data	 at	 a	wider	 range	of	wavelengths	
should	be	a	future	research	priority.



















Mitton	&	Grant,	 1996),	 and	 also	 between	populations	 growing	on	







the	 multispectral	 imagery	 (as	 well	 as	 field	 observations)	 revealed	






achieved	 over	 larger	 spatial	 extents,	 then	 determining	 underlying	
mechanisms	is	not	relevant.
There	 is	 also	 a	 possibility	 that	 diploids	 and	 triploids	 were	 in-
correctly	 inferred	 from	microsatellite	 analyses	 due	 to	 low	 genetic	




tification	 of	 triploids	 due	 to	 high	 homozygosity.	 Furthermore,	 we	
are	 confident	 that	 triploid	 assignments	were	 reliable	 and	 not	 due	
















ploidy	 level	variation	 that	 is	 associated	with	ecophysiological	varia-
tion,	and	that	 (based	on	molecular/cytotyping	studies)	 is	associated	
with	strong	spatial	patterning	at	landscape	scales.	For	example,	many	
widespread	 grass	 species	 vary	 in	 their	 ploidy	 level	 (Keeler,	 1998).	
Examples	 include	 Agrostis stolonifera	 (bentgrass)	 (Björkman,	 1984;	










et	al.,	2016),	 Inga	spp.	(Figueiredo	et	al.,	2014),	Olea europaea	 (olive)	
(Besnard	 et	 al.,	 2007),	 Polylepis	 spp.	 (Schmidt‐Lebuhn	 et	 al.,	 2010)	
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